Abstract. RhoA upregulation has been suggested in bronchial smooth muscles (BSMs) of asthmatic rats. Here, we cloned/characterized the 5′-promoter region of the rat rhoA. A transcriptioninitiation site was identified at 66-bp upstream of the reference sequence, GenBank-BC061732. Luciferase assay using interleukin-13 (IL-13)-stimulated cells revealed a significant promoter activity at 238-to 166-bp upstream of the transcription-initiation site, which contains a signal transducer and activation of transcription (STAT) 6-binding region. The IL-13-induced increase in luciferase activity was inhibited by a STAT6 inhibitor, AS1517499, or a Janus kinases (JAKs) inhibitor, JAK Inhibitor-I, but not by tyrphostin-AG490, WHI-P131, or tyrphostin-AG9 (selective JAK2, JAK3, and Tyk2 inhibitors, respectively). Thus, rat BSM rhoA expression may have causal relation to the IL-13-JAK1-STAT6 signaling.
J Pharmacol Sci 112, 467 -472 (2010) Journal of Pharmacological Sciences ©2010 The Japanese Pharmacological Society There is increasing evidence that RhoA/Rho-kinase is involved in the Ca 2+ sensitization of airway smooth muscle contraction (1 -3) . When the RhoA/Rho-kinase system is activated by contractile agonists, the activity of myosin-light-chain (MLC) phosphatase is reduced and the level of phosphorylated MLC is then increased, resulting in an augmentation of contraction. Recent studies demonstrated that the agonist-induced, RhoA/Rho-kinase-mediated Ca 2+ sensitization of bronchial smooth muscle (BSM) contraction is augmented in animal models of allergic asthma (1, 2) . An importance of the RhoA/ Rho-kinase system has also been demonstrated in human BSM (3) , and the signaling of RhoA and its downstream Rho-kinases are now considered as a therapeutic target for the treatment of airway hyperresponsiveness in asthma (4) .
Our previous study revealed that increased expression of RhoA protein (1) and mRNA (5) in BSM of a rat model of allergic asthma. However, the mechanism of the transcriptional regulation of the RhoA gene has not yet been clarified. Here, the transcription-initiation site of the rat RhoA gene and the promoter activity in its 5′-flanking region were determined in order to understand the transcriptional regulation of the rat RhoA gene.
Male Wistar rats were purchased from Charles River Japan, Inc. (Kanagawa) and housed in a pathogen-free facility. All animal experiments were approved by the Animal Care Committee of Hoshi University (Tokyo).
To map the transcription-initiation site of rat RhoA gene, a rapid amplification of 5′-ends (5′-RACE) was carried out using a GeneRacer TM kit (Invitrogen Life Technologies, Carlsbad, CA, USA). Briefly, 5 μg of total RNA from rat lungs were used to prepare the cDNA library: the mRNAs were firstly treated with calf intestinal phosphatase and tobacco acid pyrophosphatase to eliminate the truncated or decomposed mRNA from ligation with the GeneRacer TM RNA Oligo. Reverse transcription reaction was carried out by using oligo(dT) 20 and SuperScript TM III reverse transcriptase (Invitrogen Life Technologies). The resultant first-strand cDNA library was amplified using the GeneRacer TM 5′-Primer (5′-CGAC TGGAGCACGAGGACACTGA-3′, identical to the GeneRacer TM RNA Oligo) and a reverse gene-specific primer-2 (GSP2: 5′-GAGGCTGCGTGTCACAAGGCT TCAC-3′). The polymerase chain reaction (PCR) conditions were as follows: 1 μL of cDNA library, 5 μM of each primer, the 50 μL of reaction mixture containing 0. ). An aliquot of the first PCR products was used as the template for a nested reaction by using the GeneRacer TM 5′-Nested Primer and a reverse gene-specific primer-1 (GSP1: 5′-ACTCCCGCCTTGTGTGC TCATCATTC-3′). The PCR conditions used were as described above. The PCR products were run on a 3% agarose gel, cloned into pCR4-TOPO vector, and analyzed by sequencing.
A rat RhoA genomic fragment from −1217 to +21 bp (the transcription-initiation site is +1) was obtained by PCR amplification with sense and antisense primers, 5′-GGAACCCCCATTTGGAATCCTGAGC-3′ (SacI restriction site is underlined) and 5′-CGGGGAGC GCTAGCGAACGAG-3′ (NheI restriction site is underlined and mutation is in italics), respectively, using the rat genomic DNA (Clonthech, Mountain View, CA, USA) as a template. The PCR primers were designed based on the published sequence (GenBank NW_047483.1). The PCR product was digested with SacI and NheI, and the SacI-NheI fragment was inserted into the SacI-NheI site of pGL4.10 basic (Promega, Madison, WI, USA). The resultant plasmid vector contains −1195 to +10 bp of the rat RhoA gene (pGL4-D0).
The serially deleted luciferase constructs of the 5′-upstream region of rat RhoA were also prepared from the rat genomic DNA. The −675-bp (D1), −348-bp (D2), −238-bp (D3), and −166-bp (D4) fragments from the transcriptional-initiation site (+1) containing KpnI and NheI sites in the 5′-and 3′-end of the primers, respectively, were amplified by PCR and cloned into pGL4.10 basic (Promega). The primer sets used were as follows: reverse primer: 5′-CTAGCTAGCCGGGGAGCGCGA GCGAACGAG-3′ and forward primer D1: 5′-GGGGT ACCCCTCACCTGGACGGTGATACAA-3′, D2: 5′-G GGGTACCCCTTCCGGGGTTAGGCCTGTCA-3′, D3: 5′-GGGGTACCCCATTCGGTGAGTATAAAA TAGC-3′, and D4: 5′-GGGGTACCCCGTGATTGGTT AAGCGTCTGG-3′. The complete PCR-amplified products were subjected to DNA sequencing to verify the absence of errors.
Normal human BSM cells (hBSMCs; Cambrex Bio Science Walkersville, Inc., Walkersville, MD, USA) were cultured as previously described (6, 11) . When hBSMCs were grown to 80% -85% confluence in 96-well plates, the cells were transfected with pGL4 reporter plasmids using Lipofectamine 2000 (Invitrogen Life Technologies) according to the manufacturer's instructions and were then cultured in serum-free medium. At 24 h after starvation, cells were treated with recombinant human interleukin-13 (IL-13) (100 ng/mL; PeproTech EC, Ltd., London, UK). After 24-h incubation with IL-13, luciferase assay was carried out using the ONEGloTM luciferase assay system (Promega) according to the manufacturer's instructions. In some experiments, cells were also treated with IL-13 in the presence of a selective signal transducer and activation of transcription (STAT) 6 inhibitor, 4-(benzylamino)-2-{[2-(3-chloro-4-hydroxyphenyl)ethyl]amino}pyrimidine-5-carboxamide (AS1517499, 100 nM; kindly provided from Astellas Pharma, Inc., Tokyo) (6); a non-selective Janus kinases (JAKs) inhibitor, JAK inhibitor-I (1 μM; Calbiochem, Gibbstown, NJ, USA) (7); a selective JAK2 inhibitor, tyrphostin-AG490 (50 μM; LC Laboratories, Woburn, MA, USA) (8); a selective JAK3 inhibitor, WHI-P131 (100 μM, Calbiochem) (9); a selective Tyk2 inhibitor, tyrphostin-AG9 (50 μM; Alexis Biochemicals, San Diego, CA, USA) (10); or their vehicle (0.3% DMSO).
All data were expressed as the mean with S.E.M. Statistical significance of difference was determined by the unpaired Student's t-test or two-way analysis of variance (ANOVA) with the post hoc Bonferroni/Dunn test (StatView for Macintosh ver. 5.0; SAS Institute, Inc., Cary, NC, USA).
To identify the transcription-initiation site of rat RhoA gene, the 5′-RACE analysis was carried out using total RNA isolated from rat lungs. The analysis was performed using two reverse oligonucleotides derived from the 5′-untranslated region (GSP1 and GSP2; see above and Fig. 1B for details) and two adaptor primers provided with the kit for the primary and nested PCR. The primary PCR products were used as a template for nested PCR by using GeneRacer TM 5′-Nested Primer and GSP1. Agarose gel electrophoresis of these DNA fragments is shown in Fig. 1A . The transcription-initiation site was identified by sequence analysis and mapped at 66-bp (10/12 randomly selected clones) and 22-bp (2/12 clones) upstreams of the 5′-end of the reference RhoA cDNA sequence, GenBank BC061732 (Fig. 1B) . The 66-bp upstream was used as the major transcription-initiation site in the present study.
On the basis of the transcription-initiation site, a 1205-bp fragment of rat genomic DNA (from −1195 to +10 bp) was obtained by PCR. The analysis of the 5′-flanking region of the rat RhoA gene using the TFSEARCH program (http://mbs.cbrc.jp/research/db/TFSEARCH.html) revealed that it contains three STATs-binding sites: −192 to −184 bp (score 85.6), −323 to −316 bp (score 80.8), and −640 to −632 bp (score 84.6) (see Fig. 2A ).
We have previously reported that IL-13 causes an upregulation of RhoA via an activation of STAT6 in hBSMCs (6) . So in the present study, the reporter assay was performed using cells transfected with plasmid 469 Rat RhoA Gene Promoter Characteristics containing the −1195/+10-bp upstream (named D0 construct) in the absence or presence of IL-13 (100 ng/mL). The promoter activities were also measured using four 5′progressive deletions, named D1, D2, D3, and D4 constructs (see above and Fig. 2 ). As shown in Fig. 2B , in the hBSMCs transfected with D0 and D1 (−1195/−676 bp) constructs, containing three STATs-binding sites, the promoter activity was approximately 2.5-fold increased by IL-13 stimulation. The deletions of −1195/−349 bp (D2, which contains two STATs-binding regions) had slightly lower basal promoter activity, while slightly higher (3-fold) IL-13-induced promoter activity was obtained as compared to D0/D1. The deletion of −1195/−239 bp (D3, which contains only the most proximal STATs-binding region) exhibited further reduced basal promoter activity, which increased approximately 2.7-fold upon stimulation with IL-13. In contrast, the deletion of −1195/−167 bp (D4, which contains no STATs-binding region) completely abolished the IL-13-induced increase of promoter activity. These findings indicate that at least the most proximal STATs-binding region is required for the IL-13-induced increase in promoter activity of the rat RhoA gene.
Using the D3 construct, which contains only the proximal STATs-binding site (see Fig. 2 ), the effects of inhibition of STAT6 and various JAKs on the IL-13-induced increase in promoter activity were examined. As shown in Fig. 3 , tyrphostin-AG490 (a selective JAK2 inhibitor), WHI-P131 (a selective JAK3 inhibitor), or tyrphostin-AG9 (a selective Tyk2 inhibitor) had no effect on the IL-13-induced increase in luciferase activity. However, the IL-13-increased promoter activity was significantly inhibited by a non-selective JAKs inhibitor, JAK Inhibitor-I (Fig. 3) . A significant inhibition equal to JAK In- hibitor-I was also observed when cells were treated with a selective inhibitor, AS1517499 (Fig. 3) . We have previously demonstrated an upregulation of RhoA in BSM of rats with antigen-induced airway hyperresponsiveness (1, 5) . In the present study, we elucidated here for the first time, to our knowledge, the transcriptional regulation of the rat RhoA gene by identifying its promoter region and the transcription-initiation site. The reporter gene analyses indicated that the most proximal STATs-binding region (192-to 184-bp upstream of the transcription-initiation site) is indispensable to the induction of RhoA transcription by IL-13 stimulation. Pharmacological studies also revealed that the activation of JAK1-STAT6 signaling is involved in the transcriptional activation of the rat RhoA gene induced by IL-
13.
In the present study, the 5′-RACE analysis identified the transcription-initiation site of the rat RhoA gene at 66-bp upstream of the reference mRNA sequence (GenBank BC061732, Fig. 1 ), that is, 243-bp upstream of its translation start codon. The reporter gene analyses suggested the importance of the most proximal STATsbinding region in the IL-13-induced increase in promoter activity (Fig. 2) . In Homo sapiens, the transcription-initiation site of the human RhoA gene has already been published at −276-bp upstream of its translation start codon (GenBank NM_001664). Although the promoter of the human RhoA gene is not fully understood until now to our knowledge, the analysis of the 5′-flanking region of the human RhoA gene using the TFSEARCH program indicated that it also contains STATs-binding sites: −78-to −70-bp (score 85.6), −191-to −183-bp (score 80.8), −271-to −263-bp (score 86.5), and −518-to −510-bp (score 84.6) upstream of its transcription-initiation site. It is thus possible that, in an analogous fashion, the promoter activity of the human RhoA gene might also be regulated by the IL-13-STAT6 signaling pathway. Indeed, IL-13 has an ability to cause an upregulation of RhoA via an activation of STAT6 in cultured hBSMCs (6, 11) . Because antigen challenge causes an increase in IL-13 in the airways both in the rat model and patients with allergic bronchial asthma (12, 13) , the rat model may be useful for the development of new drugs for the treatment of the disease. The current findings that the IL-13-induced increase in promoter activity of the rat RhoA gene was significantly inhibited by AS1517499 (Fig. 3 ) also strongly support the involvement of STAT6 in its transcriptional regulation. AS1517499 is a novel selective STAT6 inhibitor synthesized by Nagashima and colleagues (14) based on the structure of a reported STAT6 inhibitor, TMC-264, discovered from the fungus Phoma (15) . The previous study revealed that the AS1517499 concentration used (100 nM) completely inhibited the IL-13-induced phosphorylation of STAT6 in the cultured hBSMCs (6) . However, as shown in Fig. 3 , the inhibitory effect of AS1517499 on the IL-13-induced increase in promoter activity was only partial. We have previously reported that, in addition to the activation of STAT6, IL-13 is capable of activating NF-κB in the cultured hBSMCs (16) . Indeed, the D3 construct (Fig. 2) also contains a putative NF-κB binding region at −197-to −188-bp upstream of the transcription-initiation site (score 83.4). An activation of NF-κB may also be involved in the increased promoter activity induced by IL-13.
STAT6 is one of the major signal transducers activated by the IL13Rα1-IL4Rα receptor complex with IL-13 (17) . The association of IL13Rα1 and IL4Rα chains phosphorylates and activates JAKs, and then the activated JAKs phosphorylate and activate STAT6. In mammals, the four members of the JAK family, JAK1, JAK2, JAK3, and Tyk2, are known to be associated with specific cytokine receptors. However, little is known about the major JAK activated by IL-13 in BSM cells. We thus used four inhibitors, tyrphostin-AG490, WHI-P131, and tyrphostin-AG9, which are specific for JAK2 (8) , JAK3 (9), and Tyk2 (10), respectively, and JAK Inhibitor-I, which can inhibit all JAKs including JAK1 (7). Because a specific JAK1 inhibitor is currently not available, JAK Inhibitor-I (a non-specific JAKs inhibitor) was used in the present study. As shown in Fig. 3 , the IL-13-induced increase in the promoter activity was significantly inhibited by JAK Inhibitor-I but not by tyrphostin-AG490, WHI-P131, or tyrphostin-AG9. These findings suggest that JAK1 is the major kinase that intermediates IL-13-STAT6 signaling in cultured hBSMCs. On the other hand, the inhibitory effect of JAK Inhibitor-I was also only partial (Fig. 3) . The finding also supports an involvement of signaling other than the JAK1-STAT6 in the increased promoter activity induced by IL-13.
In summary, we have performed 5′-RACE analysis and identified the transcription-initiation site of the rat RhoA gene located at 66-bp upstream of the reference RhoA mRNA sequence, GenBank BC061732. The reporter gene analyses revealed that IL-13 has an ability to activate RhoA transcription: the most proximal STATsbinding region is indispensable to the IL-13-induced RhoA transcription. The IL-13-induced increase in the promoter activity was inhibited by AS1517499 (a selective STAT6 inhibitor) and JAK Inhibitor-I (a non-selective JAKs inhibitor), but not by tyrphostin-AG490 (a selective JAK2 inhibitor), WHI-P131 (a selective JAK3 inhibitor), or tyrphostin-AG9 (a selective Tyk2 inhibitor). These findings suggest that IL-13 is capable of up- regulating RhoA via an activation of the JAK1-STAT6 pathway in BSM cells.
